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Human Life Support Requirements 

Inputs Outputs 


Daily 

(% total 

Rqmt. 

mass) 

Oxygen 0.83 kg 

2.7% 

Food 0.62 kg 

2.0% 

Water 3.56 kg 

11.4% 

(drink and 


food prep.) 


Water 26.0 kg 

83.9% 

(hygiene, flush 


laundry, dishes) 


TOTAL 31.0 kg 



Daily 

(% total 
mass) 

Carbon 1 .00 kg 

dioxide 

3.2% 

Metabolic 0.11 kg 
solids 

0.35% 

Water 29.95 kg 

96.5% 

(metabolic / urine 

12.3%) 

(hygiene / flush 

24.7%) 

(laundry / dish 

55.7%) 

(latent 

3.6%) 

TOTAL 31.0 kg 


Source: NASA SPP 30262 Space Station ECLSS Architectural Control Document 
Food assumed to be dry except for chemically-bound water. 
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Waste Water 


Waste Water 


Clean Water 


Clean Water 


PLANTS /AGLAE / CYANOBACTERIA 


Photosynthesis for Life Support 


Metabolic 
. Energy 


HUMANS 




1956: Photosynthesis for Life Support 

US Navy looking at algae for 0 2 production / C0 2 removal 



ATTEKDAH ~L I-IST 


Mr. fc. M. Allen, Bureau cf Shipa 
Kr . J.’crrls Alpert. Duroau of Ships 
CAPT .ferry Alvls, Bureau cf Medicine und S -n , ary 
Dr. Willies Amt Id, Oak Ride® Haticnal Laboratory 
Dr. June a SaaahR.™ , University cf Callforr.i n 
CD!? Charles E. Bishop, Undersea Warfare Branch, Office of 
Naval Research 

LCDR George Breeden, Bureau of Ships 
LCD!? William 1. Bristol , Bureau cf Ships 
D:-. Allan : rcr.'.i, University of Minnesota 
Dr. Doan Turk, Nt ticnal Institutes cf Health 
^r, Kelvin Calvin (Choirasar. ) . University cf .allfornia 


mini tn , Moeheraietry Brenc.. Office of Kaval 


reh 

CAPT E. H. Ec Kelitayer , Jr., Level Sciences Division, Office 
of Novel Research 

Dr. Sidney Qaller, Biology Drench, orflce of Nevel Reaeerch 

Mr. A. S. Oates, Bureeu of Ships 

Dr, Harold B. Octeee, University of Cellfornle 

:.:r. *. D. Gutraann, Bureeu of Ships 

Mrs. Helen Hayes, Biology Brunch, Office of Havel Reaeerch 
Mr. Roland Jnckol, Chanlatry ?rt. rh, Office of Kaval Raaeeroh| 

Dr. Robert fcrnu.-r . :jr.lveral‘. .. of Meryl •’ relieve Park, 

■ . ■ 1 • ■ 


.1 and 

Mr. William MeConnauChey . Hnval iese 
LCDR L. ”. Mowell. Duroau of Shlpn 
;.v ■ :: r lvarelty cf Tex . . 

\r. Lflor Vev.r.ui. , Tu r e n of S. 1 p 3 
CAPT P. PhoebuB, Off loo of Havel Reaaec <-h 
Tr. Gr: ' ■r-r.clus . Blrlojlcel Sclcrcoa livid 

cf Havel heaoerch 

CDR Trentcr. K. Ructush. Orrice cT Havel Research 
Kr. Joseph Sounders, Kodlelne and Dentistry .‘‘ranch, 
cf Pavel Reaeerch 

hr. Lee A. Shinn, Blocheciatry Branc . Off i< 

Raaaarch 

CDR E. T. Stolgelnan. Bureau or Ships 
lira. Patricia Tan:.l aWotxl , Klcroblolc.y rur.r , 

Havel Research 

CDR L . E. Washburn , Bureau of S:.lpa 


2 





Early Studies Focused on Algae 
and Cyanobacteria (i950sand 1960s) 

• Chlorella pyrenoidosa TX71 105 (thennotolerant 39°C) 

• Other species of Chlorcllci , Anacystis, Synechocystis , 
Scencdesmus, Svnechococcus, Spirulina were studied 

• Development of culture systems (chemostats. turbidostats) 

• Protocols for harvesting and nutrient replenishment 

• Studies with animals (e.g., mice, monkeys) and humans 

• Interest in Assimilation and Respiration Quotients (AQ 
and RQ) 







Concepts for 
Algal Production 
Systems 


(R.W. Krauss. 1962. Amer. J. 
Botany 49:425-435.) 


LISA 1 

Fit J * latatMlI; 

al|it ill* aappert amivU. IIM*», <n 


Lift* 7 

f 1 A fr«F«wl • »!»» lliuakaa 
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Observations from Algae / Cyano Studies: 


• Positives 

high photosynthetic efficiency and biomass 
productivity 

- good volume efficiency 

- good energy efficiency— minimum wastage of light 

• Negatives 

difficulties with food processiim / nalatabilitv 

- long-term, sustained production challenges 
gas / liquid phase issues for g-gravity 

no transpiration advantage for water purification 

- not convenient for point source lamps 


Costs of Life Support Options for Space 



REGENERATION FOR: 


^-FOOD ond FECES 

GAS / 

/EXCHANGE / ^ 






TIME 


l A gontroltud diogton lllu»rrotlng Mm trontiilo* from an ntpandoM* 
via ol feat I Witty ext rtpicumltd by Iba l>m o* fht naabartd < 
Mditg rageneralire Hops; I. wafer 3. oat Mekong*. 3. food and 
d COM at troctullg eguipmeiil. Including thn tntrgy tovret but » 


tyt't" »« a part lolly riatad teatyti.a. 
po* tit dttigrofed f or to«h o I tka 
:t*. Arrvwt at Ikt ardlnot* dxignaU Iht 
iipttdabfe f«#l, tttdtd tar ta<k raganaro- 


From: J. Myers. 1963. Space biology: Ecological aspects. Amer. Biot. Teacher 25:409-411. 
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Biologistics for Space 
Systems Symposium 

Wright-Patterson Air Force Base (1962) 

419 pp with Chapters on : 

• Algal Gas Exchange 

• Photosynthetic Mechanisms 

• Waste Regeneration 

• Nutritional Support in Bio- 

regenerative Systems 

• Use of Higher Plants 

Lettuce 

Chinese Cabbage 
Cabbage 
Cauliflower 
Celery 
Kale 
Turnip 
Endive 
Dandelion 
Swiss Chard 
Radish 

New Zealand Spinach 
Tampa la 
Sweetpotato 



Closed Life 
Support: 

NASA’s Early Interests 
( 1964 ) 
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NASA Studies in the 1960s 

Hydrogenomonas 


6 H 2 + 20 2 + C0 2 > 

(CH 2 0) + H 2 0 ; 

Humans 


(CH 2 0) + 0 2 ► 

C0 2 + H 2 0 

Electrolysis 


6 H 2 0 » 

6H 2 + 30 2 
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Photosynthesis in Space 

Spirodela (duckweed) and Chlorella) 


C.H. Ward. S.S. ll ilks. and H.L ( rail. 1970. 
Dev. Indust. Microbiol. 11:276-295 


Bioregenerative Life Support for Space: 

Some Review s of Work in 1950s and 1960s: 

• Eley, J.H. and J. Myers. 1963. A study of a photosynthetic 
gas exchanger. A quantitative repetition of the Priestley 
Experiment. Texas J. Sei. 16:296-333. 

• Miller, R.L. and C.H. Ward. 1966. Algal bioregenerative 
systems. In K. Kammermeyer (ed. ) Atmosphere in Space 
Cabins and Closed Environments. Appleton-Century-Croft, 
NY. 

• Taub, F.B. 1974. Closed ecological systems. In: R.F. 
Johnston, P.W. Frank, and C.D. Michener (eds.) Annual 
review of Ecology and Systematics. 5; 139-160. 






Testing with Higher Plants 
and the CELSS Program 


• Higher plants (crops) more acceptable as a 
food source 

• Improved productivity of plants in 
controlled environment agriculture (CEA) 

Hydroponic culture 
- HID Lighting 
C0 2 enrichment 

• Broad information base on agronomic spp. 
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NASA 

Centers 


Bioregenerative Life Support Testing 
around the World 


I960 


1980 


2000 



Cadarache, FR MELISSA / ESA 

Univ. Guelph / CSA 



NASA’s Bioregenerative Life Support Testing 
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Some Crops for Life Support 


Tibbitts and 
Alford " 

Hoff, Howe, and 
Mitchell b 

Salisbury and 
Clark ' 

Crops Used in 
BIOS-3 Testing d 

Wheat 

Wheat 

Wheat 

Wheat 

Soybean 

Potato 

Rice 

Potato 

Potato 

Soybean 

Sweetpotato 

Carrot 

Lettuce 

Rice 

Broccoli 

Radish 

Sweetpotato 

Peanut 

Kale 

Beet 

Peanut 

Dry Bean 

Lettuce 

Nut Sedge 

Rice 

Tomato 

Carrot 

Onion 

Sugar Beet 

Carrot 

Rape Seed (Canola) 

Cabbage 

Pea 

Chard 

Soybean 

Tomato 

Taro 

Cabbage 

Peanut 

Pea 

Winged Bean 


Chickpea 

Dill 

Broccoli 


Lentil 

Cucumber 

Onion 

Strawberry 


Tomato 

Onion 

Chili Pepper 

Salad spp. 


3 Tibbitts and Alford (1982). b Hoff. Howe, and Mitchell (1982). c Salisbury and Clark (1996). 

d Gitelson and Okladnikov (1994)— diet also included supplemental animal protein and sugar 



External 


Hydroponic System 


NASA’s Biomass Production Chamber (BPC) 

/iew - Back ^^5 I 


Control Room 


20 m z growing area; 113 m 3 vol.; 96 400-W HPS Lamps; 
400 m 3 min* 1 air circulation; two 52-kW chillers 
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Timeline of Bioregenerative Life Support Research at Kennedy Space Center 


External Reviews /Advisory Panels * 

AIBS Panels (3) 

Zero-Base NRC Panel 

STWG 

1985 

1990 

1995 

2000 


Crop Tests 

(Lab Scale) 

- 0.5 - 2.0 m 2 



Lettuce Pea nut 




Soybean Potato Radlah 


/ X Light Pip- 

(LightinuHHH 







Soybean Lettuce 

Tomato Wheat 


Radish T 

INC/CWF 

HPS/MH (potato) 

HPS (spinach) 

LED* (lettuce) 

LEDs (spinach) k 


INC/CWF: Incand'Cool WhliTRoT HD8 Nutrient Del System"""^^" ;ombmed Human/Crop Gas Exchange Tests 

High Pressure Sodium MH Metal Halide X ■ . , J . 

ICSTR: CM S„,ed-T.nh R~C, LED. L.M E-in. DM. Jl I & «**”» to RTOPtndPngfm Bww. 


Fixed Film Reactor* 
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Area Required (m 2 / person) 


Effect of Light on Crop Yield 


0 ) 

>- 20 
Q. 

O 


Studies 

Include: 

Wheat (4) 
Soybean (4) 
Potato (4) 
Lettuce (3) 
Tomato(2) 


Total 

Biomass 


Edible 

Biomass 


«-Vr 


□ 


Photosynthetically Active Radiation (mol rrr 2 d' 1 ) 


Wheeler et al. IWft. Adv. Space Res 


Light, Productivity, and Crop Area Requirements 



Light (mol nr 2 day" 1 ) 

Wheeler..2(H)4. Acta Hart. 
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Direct Total 




Rvgalov el al. 2004. Habitation 


Surface Deployable 
Greenhouse Concepts 


-> Inflatable, low mass, easy stowage 
-> Might be covered at night 
-> Operated at low pressure 







Fresh Foods 
Colors 
Texture 
Flavor 
Antioxidants 


Salad Machine Concept for Early Missions 


Bright Light 


Aromas 


■nbu. 


Gardening 

Activity 


Mac Elroy. R.D.. M. Kliss, and C. Straight. I M2. Adr. Space Res. 





Essential Elements for Plants and Humans 


Plants 

Humans 

Nitrogen 

Nitrogen 

Sodium 

Potassium 

Potassium 

Fluorine 

Calcium 

Calcium 

Iodine 

Magnesium 

Magnesium 

Selenium 

Phosphorus 

Phosphorus 

Silicon 

Sulfur 

Sulfur 

Chromium 

Manganese 

Manganese 

Arsenic 

Iron 

Iron 

Vanadium 

Chlorine 

Chorine 

Tin 

Zinc 

Zinc 


Copper 

Copper 


Molybdenum 

Molybdenum 


Nickel 

Nickel 


Boron 




Humans require more micronutrients and relatively high sodium levels in comparison to 
plants. Recycling human wastes (e.g. urine) to plants could result in sodium build-up. 

II licelcr. 20(H) hi: Lone and Schoeller teds.) Sutrition in spore flight and weightlessness models. 








Cultivar Selection and Development 


Several Universities: 


Cultivar Comparisons 

(wheat, potato, soybean, 
lettuce, sweetpotato. tomato 


Utah State Universit 


Super Dwarf Wheat 
Apogee Wheat 
Perigee Wheat 
Super Dwarf Rice 


Tuskeaee Universit 


ASP Sweetpotato (GMO 
■=> 3 X total protein and 
starting cultivar 


Sup* Oman 
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Higher Plants to Support 1 Human 

(Includes Food, 0 2 , C0 2 Removal and Water Purification) 


1 


— > (20 g nr 2 d -1 dwt yield) x (4 kcal g' 1 ) 

= 80 kcal nr 2 d -1 

— ► (2500 kcal person -1 d -1 ) / (80 kcal nr 2 d -1 ) 
= 31 m 2 person -1 

. . .40 m 2 / person 

— > Japanese IES Studies, 100-120 m 2 / person 
for more complete dietary needs. 



Mizuna in Lada on ISS 


Space Flight 
Experiments 




0* 


Wheat in SVET 
on MIR 


Potato Leaves 
on STS-73 
in Astroculture 


. 
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Bioregenerative Life Support Technology Development Plan 

Crop Systems Element, NASA Exploration Life Support Program 


Mission 

Objective 
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Add Modules to Reach 

Lunar VPU 
(2 m 2 ) Fresh 
Vegetables 

I Salad Crops 
< Modular Design 
Electric Lighting 
1 (-2 kW Power) 

Lunar Crop 
Production 
in PLM 

(3QnfL. 

< 

Salad & Staple Crops 
Solar with Back-up 

Electric Lighting p. 

(-10 kW Power) 

50% of Food. 100% of Air 
(Regen for One Human. 

85% Food, 100% Air 
Regen. e g., 120 m 2 for 
Crew of 4 (assumes improve- 
ments in crop productivity 





from preceding R &D). 


2010 


Vegetative Crops 
Flowering, Fruiting Crops 
Sustained Operation 

2020 

Y 



Salad and Mmanally 

Martian VPU 

Lunar VPU 

Processed Crops 

Expanded 

Solar’ with Back-up 

Initial Module 

(10 m 2 ) 

Electric Lighting 
(-4 kW Power) 

„ Test for Mars Mission 

(10 m 2 ) 


2030 


2040 


Add Modules Based on 
Lunar Testing to Increase 
Bioregenerative Capabilities 
and Outpost Autonomy 


2050 




Baseline Testing with Lada (IMBP) 
Food Safety Analysis / HACCP 
VEGGIE Hardware(?) with LEDs 
^sustained ops on orbit / 
Improved p-g Watering / 


•Optimization LEDs, Solar Collector Demonstration 
•NSF South Pole Greenhouse / Human Factors 
•Radiation T esting with Crops * 
•Hypobaric Tests 


• Integrated Testing with ECLS PC Systems 

O Mars 10 m 2 Prototype - Sustained Ops / Reliability Testing 


O Lunar 30 m 2 Prototype - Sustained Ops / Reliability Testing 



O Lunar 10 m 2 Prototype - Sustained Ops / Reliability Test 

2 salads / day; 10 m 2 chamber 120 => 500-day tests; gray water 
recycling; food safety, reliability / failure analysis; ESM estimates 


Lunar VPU 2m 2 Prototype - Sustained Ops / Reliability Testing 


Note: Clean water production data 
can be gathered throughout all 
baseline and prototype testing; current 
rate - 5 kg (L) clean water generated 
per m 2 of crops per day. (Assumes 
direct gray water input to plants) 


Fundamental Research 
Through University NRA Grants 


Possible Topic a controlled environment agriculture, dwarf growth, harvest index, nutritional attributes, use 


recycled nutrients. LED lighting and tolerance, shelf life. NH 4 + tolerance, Na tolerance, high C0 2 tolerance 

Technology Development and Testing 

* Solo- light applicable for lunar polar settings, e g. Shackleton Crater and mid-latitudes on Mars ( Clawson , 2007) 








Waste Water 
Treatment Systems 


Plants for 
Purifying 
Gray Water 


Bioreactors 
for Water ■ 
Processing 


Morales et al. I9V6. FEMS Mictvbial Ecol. 


Rector et al. 2007. J. Membrane Sci 
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